Natural fibres such as jute and coir are emerging as distinct alternatives to synthetic geomaterials, and in recent years they have been used increasingly for drainage and filtration in field applications. However, these naturally occurring materials are extremely variable in micro-characteristics such as the size, uniformity and shape of their fibres, while there is a lack of studies addressing how these differences can affect the hydraulic behaviour of fibrous media. This paper offers a laboratory study of the influence of micro-features on the hydraulic conductivity of fibre drain. Non-twisted and twisted fibre drains made from jute and coir were subjected to hydraulic conductivity testing and micro-analyses. Experimental results show a considerable contribution of the size characteristics of fibre to the hydraulic behaviour of the drain. A less-rounded shape of fibre and a larger twisting angle of the drain can increase the fluid-fibre contact area and the corresponding tortuosity of flow, which significantly reduces the drain permeability. The way in which the Kozeny-Carmen analytical approach can be adopted to predict the permeability of a fibre drain is discussed based on the experimental results, considering various micro-factors including the size of fibre, uniformity and the associated porosity. Natural fibres such as jute and coir are emerging as distinct alternatives to synthetic geomaterials, and in recent years they have been used increasingly for drainage and filtration in field applications. However, these naturally occurring materials are extremely variable in micro-characteristics such as the size, uniformity and shape of their fibres, while there is a lack of studies addressing how these differences can affect the hydraulic behaviour of fibrous media. This paper offers a laboratory study of the influence of micro-features on the hydraulic conductivity of fibre drain. Non-twisted and twisted fibre drains made from jute and coir were subjected to hydraulic conductivity testing and micro-analyses. Experimental results show a considerable contribution of the size characteristics of fibre to the hydraulic behaviour of the drain. A less-rounded shape of fibre and a larger twisting angle of the drain can increase the fluid-fibre contact area and the corresponding tortuosity of flow, which significantly reduces the drain permeability. The way in which the Kozeny-Carmen analytical approach can be adopted to predict the permeability of a fibre drain is discussed based on the experimental results, considering various micro-factors including the size of fibre, uniformity and the associated porosity.
Notation
A o specific surface A t interior cross-sectional area of the tube c shape factor D f diameter of fibre i hydraulic gradient K permeability k hydraulic conductivity k k Kozeny constant L characteristic length n porosity Re Reynolds number R t correction factor for the viscosity of water t tortuosity of flow U f flow velocity U s discharge (superficial) velocity V w water volume collected at the outlet θ twisting angle of fibre drain ν kinetic viscosity σ v coefficient of variation
Introduction
Synthetic materials have been used extensively in many geoengineering applications such as reinforcement (Yin, 1997; Zhan and Yin, 2001 ), separation ) and drainage (Chu et al., 2009; Indraratna et al., 2012; Kelly, 2014) , but these polymer-based solutions have raised concerns from ecological and biological perspectives because polymeric materials are resistant to biodegradation (Nicholson, 2006) and are thus harmful to the natural environment (Gregory and Andrady, 2003) . This is why geomaterials made from natural fibres such as jute and coir have received favourable attention in recent times for applications such as erosion control (Midha et al., 2014; Vinod and Minu, 2010) , reinforcement (Babu and Vasudevan, 2007; Subaida et al., 2009; Vinod and Bhaskar, 2012) and soft soil improvement (Asha and Mandal, 2015; Beena and Babu, 2008; Indraratna et al., 2016; Kim et al., 2001) . These naturally occurring materials not only have beneficial engineering characteristics, but also are biodegradable over time. More importantly, natural fibres are abundant in many developing regions, particularly in south and southeast Asian countries, so a wider application of these materials can certainly bring considerable social and economic benefits to local populations.
and Thailand (Rahman, 2010) . Coir fibre extracted from coconut husks contains more than 40% lignin (Gupta, 2011) , making it more robust and durable than other natural fibres such as jute, which contains more than 80% cellulose and only around 12% lignin (Som et al., 2009) . Note that more lignin means that the fibre can resist biodegradation better. The durability of natural fibres also depends on environmental conditions such as humidity, temperature, acidity and the biological properties of the soil (Kim and Cho, 2008; Saha et al., 2012) . Other natural fibres such as straw, bamboo and hemp are abundant in many agricultural regions such as Vietnam and Thailand.
Most natural fibres are used for filtration and drainage based on their distinct hydraulic conductivity. There are numerous studies (Gebart, 1992; Sullivan, 1942; Xu and Yu, 2008; Yazdchi et al., 2012) addressing the hydraulic behaviour of fibrous media, but most of them only consider idealised arrangements of fibres such as quadratic and hexagonal parallel arrangements (Gebart, 1992; Nakayama et al., 2007; Tamayol and Bahrami, 2009) , whereas the natural fibres used in geoengineering have a more complex porous structure where the fibres are disordered and twisted (Nguyen and Indraratna, 2016a) . Furthermore, when investigating the hydraulic behaviour of natural fibre drains, many studies only concentrated on the macro-perspectives such as the discharge capacity of the whole drain (Asha and Mandal, 2012; Venkatappa Rao et al., 2000) , while ignoring the micro-aspects such as the shape, size and uniformity of fibres, which can have a significant influence on the permeability of fibrous media (Ozgumus et al., 2014; Williams et al., 1974) . It is therefore necessary to study the micro-characteristics of natural fibres arranged in a more practical form and examine how these influence their hydraulic conductivity.
To predict the permeability of a porous medium, the analytical method proposed by Kozeny (1927) and later modified by Carman (1937) (known as the Kozeny-Carmen (KC) method) is preferred in practice due to its computational simplicity. Note that this is a semi-empirical method that requires the Kozeny constant k k to be determined according to the particular micro-features of the medium. While numerous studies have determined this constant for uniform porous media, not many have used this approach to the natural fibres used in geoengineering where the elemental particles are less homogeneous. As the constant k k is very sensitive to the micro-characteristics of the medium (Ozgumus et al., 2014; Xu and Yu, 2008) , how this coefficient varies over the micro-parameters and its implication for natural fibres such as coir and jute must be investigated.
The aim of this study is therefore to clarify the hydraulic behaviour of the typical natural fibres used in geoengineering, such as jute and coir, by an experimental scheme. Microanalyses of fibre drains are carried out and the influence of micro-characteristics on the hydraulic conductivity of the drain is presented. The KC method is applied and validated with experimental results, and a suggestion on how to use this method in practice is made.
Analytical method to estimate the permeability of fibre drains
The permeability of a porous medium can be predicted by the KC approach as follows
where K is the permeability, n is the porosity, k k is the so-called Kozeny constant determined empirically, and A o is the specific surface of the media defined as the ratio of the fluid-solid interfacial surface to the solid volume in a given fluid-solid system. If a medium consists of individual fibres in a certain arrangement, A o actually becomes the ratio of the perimeter to the cross-sectional area of the fibres, so it actually varies with the shape of the fibre particles; for example, with cylindrical fibres Equation 1 can be re-written as
where D f,i is the diameter of the fibre i, and n f is the number of fibre particles in the medium. If all the fibres have a uniform diameter (e.g. D f ), then Equation 2 can be simplified as
Although most studies agree that K is proportional to n
, there is a certain variation when considering other parameters in the KC method. The most common preferences (Choi et al., 1998; Gutowski et al., 1987; Sullivan, 1942) are using the Kozeny constant k k independently with the diameter D f , so that k k varies with other micro-characteristics of the medium such as the porosity and fibre arrangement. Others such as Rodriguez et al. (2004) and Yazdchi et al. (2012) simplified the method further by combining D f and k k into one parameter that is also determined empirically.
Obviously Equation 3 is applicable for idealised conditions where fibres are uniform, whereas Equations 1 and 2 are much more complicated in determining A o and the diameters of individual fibres D f,i in the medium, so it is better to use an average diameter D f,a to represent all of the single fibres. D f,a can vary widely with fibres such as jute and coir, and with different manufacturing techniques, so a prior investigation is Ground Improvement Volume 170 Issue GI3
The permeability of natural fibre drains, capturing their micro-features Nguyen and Indraratna needed to obtain this representative parameter accurately before applying the KC equation. It is also important to note that the average diameter approach can lead to a certain inaccuracy in the predicted permeability because natural fibres such as jute and coir are clearly non-uniform, and therefore this can potentially result in a different behaviour of k k compared with a conventional application of the KC method in homogeneous particulate media.
Over the years enormous effort has been made to determine k k for fibrous media. Studies such as those by Gebart (1992) , Gutowski et al. (1987) and Li and Gu (2005) adopted a constant k k unchanged over varying porosity, whereas others (Choi et al., 1998; Rahli et al., 1997; Xu and Yu, 2008) suggested a porosity-dependent k k . Kyan et al. (1970) proposed an analytical solution incorporating micro-porous parameters into the calculation of k k such as the porosity, diameter and the tortuosity of fibre media. Numerous studies (Choi et al., 1998; Gutowski et al., 1987; Li and Gu, 2005; Yazdchi et al., 2012 ) also attempted to link k k to the tortuosity t, which is defined as the ratio of the actual flow path to the straight length of a fibre drain, as given by
where c is the shape factor representing the influence of the cross-sectional shape of fibres, and c is defined as the ratio between the surface area of the fibre and the surface area of a sphere with the same volume (Li and Gu, 2005) . With cylindrical fibre, the shape factor reaches its minimum value (c = 1) where the tortuosity t depends on how the fibres are arranged in the bundle. A perfectly parallel arrangement of fibres has the shortest fluid path, resulting in a unity of t. According to this approach, cylindrical fibres arranged in parallel have the smallest k k and the highest permeability.
3. Experimental investigation into the permeability of fibre drains 3.1 Fibre drain A natural fibre drain that is actually a combination of individual fibres in a certain arrangement is usually employed for drainage where the fluid flows in the void between those fibres (Kim and Cho, 2009; Lee et al., 1994; Venkatappa Rao et al., 2000) . At present there are a variety of fibre drains made from different natural fibres such as jute, coir and straw, with either a circular or band-shaped cross-section (Beena and Babu, 2008; Kim et al., 2001) . Of the existing naturally occurring materials, coir and jute are the most preferable due to their favourable engineering characteristics and abundance in developing regions. Despite such a variety of structures and materials, the discharge capacity of the whole drain relies on the hydraulic properties of its elemental fibre bundles. In this study, brown coir and jute fibres were used to generate elemental fibre drains, which were then subjected to an experimental investigation into the hydraulic conductivity of the fibres.
In this study, there were two basic fibre arrangements, nontwisted and twisted bundles (Figure 1) . The non-twisted bundles meant individual fibres were placed in almost parallel arrays without twisting, whereas fibres in the twisted structure were packed and twisted together around the longitudinal axis of the bundle, such that the larger the twisting angle, the more the fibres were tightened and pressed together. The fraction of fibres in a drain was approximately manipulated by the quantity of single fibres packed into the drain; the more the fibres packed, the denser the bundle. In this current approach, the fibres were placed randomly into a bundle while previous studies (Gebart, 1992; Nakayama et al., 2007) investigated fibres arranged in particular forms such as square and hexagonal arrays because in geoengineering applications the disordered arrangement of fibres is overwhelming.
To create a fibre drain for testing in a consistent manner to ensure reproducibility of results, individual fresh fibres (almost straight and longer than 150 mm) were selected and arranged in parallel. The two ends of the bundle were confined by a thin ring. The bundle was then placed in a long tube (4 mm inner diameter and 100 mm long) by pulling its ends. While one end of the bundle was fixed, the other end was rotated gradually, making the whole bundle twisted to the desired twisting angle. The two ends of the bundle were then trimmed to ensure that all fibres would have the same length (i.e. 100 mm). For nontwisted bundles, the twisting step was skipped. By this process, fibre drains having different twisting angles were generated. In this study, there were 44 coir and 19 jute bundles generated for different objectives of the investigation.
The physical properties of jute and coir such as density and average diameter were determined in the laboratory using an optical microscope. Figure 2 shows the size distribution of the jute and coir fibres used in this study. The equivalent diameter of jute varied from 10 to 85 μm, but more than 75% of the fibres were between 25 and 55 μm in diameter. The mean diameter of jute was 41·8 μm, which was within the common ranges reported by previous studies, such as 54 μm by Defoirdt et al. (2010) . Unlike jute, the dimensions of coir were much larger; its diameter ranged from 90 to 502 μm, with a mean value of 235 μm. The most common diameters of coir fibre were from 150 to 300 μm, and this accounted for more than 70% of total fibres. The densities of jute and coir were 1415 and 1105 kg/m 3 , respectively. These parameters were corroborated with those reported in previous studies (Defoirdt et al., 2010; Gupta, 2011) . The permeability of natural fibre drains, capturing their micro-features Nguyen and Indraratna from square and rectangular to irregular ones. These differences in the geometric features of jute and coir fibres resulted in drains with different porous characteristics.
3.2
Hydraulic conductivity test on fibre drains Two approaches are generally used to determine the hydraulic conductivity of fibrous materials, either a unidirectional or a radial flow (Sharma and Siginer, 2010) . A fluid flow with a low injection pressure is used to ensure that the fibres remain in a static condition by controlling either the velocity or the pressure of the inlet fluid while the fluid is flowing. In this study, the pressure controlled model that has been used commonly in previous studies (Rahli et al., 1997; Sullivan, 1942; Williams et al., 1974) due to its simplicity was adopted ( Figure 4) .
A key objective of this study is to investigate the influence of micro-characteristics on the hydraulic behaviour of natural fibre drains. In this regard, for the purpose of simplicity, the actual role of the interaction between the soil and drain fibres (i.e. soil-drain interface effects) has not been quantified within the scope of this paper. However, it is noteworthy that for many in situ applications, the influence of the soil-fibre drain interaction on the hydraulic behaviour of the drain can be a significant factor, and this will be evaluated in a future study.
The tube holding the fibre drain used for the hydraulic test had a smooth internal surface to minimise the friction that could affect fluid flow, and the inlet was connected to a constant head water tank. Moreover, manometers were used to The permeability of natural fibre drains, capturing their micro-features Nguyen and Indraratna measure the water heads at the inlet and outlet of the tube to an accuracy of 1 mm. The difference in pressure between the inlet and outlet of the tube was adjusted by changing the relative height between the tube and the water tank. Water was flowed from the inlet through the fibre drain and was measured at the outlet of the tube under different heads of water. Based on the volume of water discharged at the outlet over time, the hydraulic conductivity of the fibre bundle was obtained. Note that the hydraulic gradient was determined with respect to the length of the fibre drain and the difference in the water heads at the two ends of the tube.
The effect of friction between the walls of the tube and the fluid on the discharge velocity of flow was evaluated by measuring the loss of water heads between the inlet and outlet over varying discharge velocities when water was flowing through the vacant tube. The result showed an insignificant loss in the water head for medium and dense fibres, where the flow velocity was small and where the internal surface area of the tube was relatively insignificant compared with the total surface area of the fibres. However, for loose media (e.g. n > 0·85), friction at the fluid wall could account for $12 and 31% of the total water heads for jute and coir drains, respectively. Previous studies by Sullivan (1942) using a 8·31 mm dia. and 50·5 mm long copper tube, and by Williams et al. (1974) employing a 5 mm dia. and 150 mm long glass tube also considered the effect of the boundary, and pointed out that this disturbance could be omitted for fine fibres but must be considerable for coarse fibres (i.e. D f > 50 μm).
After the hydraulic test, the fibres were subjected to a postprocessing, which enabled their micro-characteristics to be captured. The tube containing fibres was dried by gently blowing warm dry air through the tube. To maintain the original structure of the fibrous system after the hydraulic test, the fibre tube was then immersed into resin mixed with a hardener to cast samples. These samples holding micro-porous information of the fibre bundles were then subjected to micro-analyses. 
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Photos of the cross-section of the hardened fibre tubes were taken with an optical microscope. The image analysis techniques available in the ImageJ software (Rasband, 2014) were implemented on these photos to obtain micro-porous properties of the drains such as the cross-sectional area of resin (void) and solid fibres; these parameters also enabled the porosity of the drain to be estimated. Note that the colour of resin representing the drain voids ( Figure 3 ) was very different to that of the solid fibres, enabling easier determination of porosity by using area measurement techniques on ImageJ. The porosity of a bundle was measured at different positions -that is, two ends and one at the middle of the bundle, and then an average value was used.
With respect to the water volume V w obtained at the outlet of the fibre tube over time t, the hydraulic conductivity k was determined by
where R t is the correction factor for the viscosity of water, depending on the water temperature (ASTM, 2008); A t is the interior cross-sectional area of the tube and i is the hydraulic gradient. Note that, in this experiment, fluid flow was investigated under a small difference in water heads to ensure laminar flow, while the discharge volume was measured at a steady state of flow. The water used in the experiment was $19°C, and under these conditions the kinetic viscosity of water was 1·002 Â 10 −6 m 2 /s (Massey and Ward-Smith, 2006 ).
Results and discussion
4.1 Discharge velocity over a hydraulic gradient The discharge capacity of a drain must be considered with respect to the hydraulic gradient at which it is measured (Chu et al., 2004) . The variation of the discharge velocity (superficial velocity U s ) over the hydraulic gradient (i) of the fluid flow recorded in the experiment for typical coir and jute fibre drains, including loose (n > 0·8) to dense (n < 0·5) media, is shown in Figure 5 . Here the larger the hydraulic gradient, the higher the discharge velocity. The relationship between U s and i is almost linear when i is small enough to maintain laminar flow where U s = k Â i (Darcy law). However, this relationship becomes non-linear when i increases, which indicates that the flow would turn into a turbulent transition zone where the inertial part of the flow is larger. The turning point between the laminar and turbulent transition zones occurs earlier when the fibres are looser; for example, loose fibre drains have a turning point at i = 0·3 and i = 0·5 for coir and jute fibres, respectively, but this gradually increases as the porosity of the fibre drains decreases. This occurred because the looser fibres had a higher flow velocity, leading to a larger contribution of inertial flow. Note that the wellknown Reynolds number (Re ¼ U f L=ν, where U f is the flow velocity, L is the characteristic length and ν is the kinetic viscosity), which is commonly used to evaluate the flow state, is proportional to the fluid velocity (Massey and Ward-Smith, 2006) . Previous studies (Akagi, 1994; Rawes, 1997) have suggested that the largest hydraulic gradient needed to maintain laminar flow in discharge capacity tests of conventional drains should be from 0·1 to 1, depending on the features of the testing models such as scale, confining pressure and drain characteristics. In this study, the hydraulic conductivity of fibre drains was considered in conjunction with laminar flow, so that the discharge velocity was only adopted at small values of i (i.e. i < 0·3 for loose fibres and i < 1 for medium and dense fibres).
4.2
Influence of the size of fibres in drains The average diameter of natural fibres varies widely from several micrometres (e.g. silk) to hundreds of micrometres (e.g. coconut coir), and that can cause a difference in their hydraulic behaviour. To clarify how differences in the size of fibres could affect the hydraulic behaviour of drains, only coir fibre, which had been shown to be more homogeneous and larger in size than jute, was used for this investigation. Also, only coir fibres were used to remove any influence that the difference in the shape and surface of fibre between jute and coir might have on the experimental result. Since the diameter of individual fibres in a bundle can vary widely (Figure 2 ), the dispersion in the diameter of a fibre medium also needs evaluation through the coefficient of variation σ v , which is defined as the ratio of the standard variation to the mean fibre diameter, such that a smaller σ v indicates more uniform fibres in the drain.
4.2.1
The mean diameter of fibres in a bundle For this aspect of the investigation, hydraulic tests were carried out on coir bundles having different mean (average) diameters. Three sets of fibres with mean diameters of D f,a = 155, 239 and 376 μm were generated (Figure 6) , and a non-twisted type of drain was used. Note that for each level of mean diameter, the hydraulic test was conducted over varying porosity (different bundles). Fibres in a bundle in this investigation were highly uniform in diameter; in particular, the coefficient of variation varied in a small range from 8·7 to 11·2% for all bundles.
The influence that the mean diameter of fibres in a drain has on its hydraulic conductivity is shown in Figure 7 . It is interesting that the drain formed by the larger diameter fibres results in a higher permeability for the same porosity. For example, with n = 0·6, the hydraulic conductivity of the drain The permeability of natural fibre drains, capturing their micro-features Nguyen and Indraratna is 3·1 Â 10 −3 m/s for the smallest fibres, and this increases to 9·0 Â 10 −3 and 21 Â 10 −3 m/s when D f,a increases to 239 and 376 μm, respectively. The gaps between the three curves are larger when the fibre drain is denser. Particularly when the fibre drain is loose (n = 0·85) and D f,a increases from 155 μm to 239 and 376 μm, the hydraulic conductivity is 1·74 and 2·39 times higher, respectively. However, this increase in permeability is larger at n = 0·55 where k increases by a factor of 2·89 and 7·78, respectively, for the same increments in fibre size. This dependence of hydraulic conductivity on the size of the fibre was understandable because the drain with a larger mean diameter had a smaller contact area between the fibres and fluid despite the constant fibre fraction over different sets of fibre drain, leading to the drain having a higher permeability.
4.2.2
The uniformity of fibre diameter In this investigation, fibre drains were made from coir with different ranges of uniformity (σ v ), but the same mean diameter and porosity were generated without twisting. Figure 8 shows how the diameter uniformity of fibres in a drain can affect its hydraulic conductivity, and although fibre drains have almost the same porosity and mean diameter varying in a small range from 227 to 254 μm, the greater their uniformity (lower σ v ) the higher the permeability of the drain. For example, when n = 0·65, k decreases from 2·0 Â 10 −2 m/s at σ v = 10% to 1·4 Â 10 −2 and 0·71 Â 10 −2 m/s at σ v = 20 and 30%,
respectively. This decrease in k is sharper when the range of fibre size in the drain is wider, particularly in a denser fibre drain. When n = 0·45, k decreases by a factor of 1·7, from 2·1 Â 10 −3 to 1·2 Â 10 −3 m/s when σ v increases from 10 to 20%, but there is a more severe reduction by a factor of 5·37 as σ v reaches 30%. It is also interesting that the influence of fibre uniformity on the permeability of the drain is less as the drain becomes looser. When n = 0·85, k decreases slightly from 1·8 Â 10 −1 m/s at σ v = 10% to 1·5 Â 10 −1 and 1·03 Â 10 −1 m/s at σ v = 20 and 30%, respectively.
The dispersion in the size of fibres affected the permeability of the drain because when the size of fibres was distributed over a wider range, more fibres with a smaller diameter, which had been shown to reduce the permeability of fibre media, were created. As a result, the less-uniform fibres had the greater frictional contact area between fibres and fluid, leading to a lower hydraulic conductivity in the drain. Figure 9 shows how the hydraulic conductivity of jute and coir fibres is related to the porosity of a drain. In this series of hydraulic tests, the mean diameters of fibres in different drains were noted to ensure that their deviations were <5% for coir and 10% for jute to minimise the influence of fibre size, as discussed in previous sections of this paper. The coefficient of variation σ v in the diameter of fibres in a drain varied from 25·6 to 31·3% and 36·2 to 44·8% for coir and jute, respectively. The figures show that, as porosity decreases, the permeability becomes smaller, but the slope of the reduction curves increases over the decrease in porosity. The hydraulic conductivity of the drain gradually decreases when the fibre fraction is between the loose and medium ranges, but this reduction becomes sharper when fibres are denser (n < 0·5).
Hydraulic conductivity of jute and coir drains

Comparison of hydraulic behaviour of jute and coir fibres
There is a clear difference between the hydraulic conductivity of jute and coir drains, as shown in Figure 9 . For the same porosity, coir fibres result in an apparently higher permeability than the jute fibres. The k of the coir media decreases from 0·21 m/s at n = 0·9 to 3·5 Â 10 −4 m/s at n = 0·45, whereas the jute fibres show k decreasing from 0·015 to 4·2 Â 10 −6 m/s for The permeability of natural fibre drains, capturing their micro-features Nguyen and Indraratna the same range of porosity. The coir fibres also resist a reduction of porosity better than jute fibres; for example, when porosity falls from 0·9 to 0·45, the k of the coir decreases by a factor of 600, but this parameter of the jute decreases by a much greater factor of 3571. This indicates the distinct advantage in hydraulic conductivity that coir fibres have over jute fibres.
The difference between the micro-characteristics of jute and coir fibres could explain the deviation in hydraulic behaviour between jute and coir drains. First, the coir fibres used in this investigation had an average diameter of 235 μm, which was much larger than that of jute -that is, D f,a = 42·0 μm. As shown above, the medium composed of smaller-diameter fibres had a greater surface area, although the fibre fraction of media was constant, leading to increased friction between the fluid and the fibres. In addition, the jute fibre had a larger dispersion in size than the coir. The average value of σ v estimated from the distribution in the diameter of the fibres (Figure 3 ) was 27·1 and 40·3% for coir and jute, respectively, and this indicates a much wider range in diameter of the jute fibres used in this study. This explains why jute drains had a much lower permeability than coir drains.
Moreover, a micro-observation of the cross-sectional shape of the jute and coir fibres (Figure 3) indicates that jute fibre has irregular shapes, particularly polygonal ones, whereas the coir fibre is almost round, thus having the smallest perimeter of those with the same cross-sectional area. For example, the perimeter of a square and hexagon is 1·13 and 1·05 times larger than a circular one with the same area. By referring to Equation 4, the shape factor c of jute was thus greater than that of coir. This difference in geometric features contributed to jute having a larger fluid-fibre contact area than coir, making the jute drain much lower in permeability than its counterpart.
4.3.2
Influence of the microstructure of fibre drain In this study, two structural types of fibre drain including nontwisted and twisted fibres were investigated. The effect that the twisting angle has on the permeability of a fibre drain is shown in Figure 9 , where for the same porosity, the larger the twisting angle the lower the permeability of the drain. For example, with n = 0·5 the non-twisted coir fibres have a hydraulic conductivity of 8·5 Â 10 −4 m/s while the fibre drains with a twisting angle of 15°and 25°have a lower hydraulic conductivity -that is, 6·1 Â 10 −4 and 4·8 Â 10 −4 m/s, respectively.
The same behaviour also occurs with jute fibres, but it is more apparent; when n = 0·6, the jute drain without twisting has k of 7·1 Â 10 −5 m/s but this decreases to 3·8 Â 10 −5 and 2·2 Â 10 −5 m/s when the jute is twisted at 15°and 25°, respectively. However, the influence that the twisting angle has on the permeability of a fibre drain is not as significant when the fibres are looser, in fact it can be ignored when n > 0·7 and 0·8 for both coir and jute drains.
The fibres in the non-twisted structure (Figure 1(a) ) were packed randomly without twisting them around the axis of the drain, thus making porous channels along the fibres shorter than those formed in the twisted structure where the fibres created an angle to the axis of the bundle (Figure 1(b) ). This difference resulted in a more complex and tortuous fluid path, and as a consequence the hydraulic conductivity of the twisted drain was smaller. Assuming that the straight length of the drain with non-twisted fibres would be the shortest distance for fluid to travel, then the fluid path in fibres twisted at angle θ was 1/cos (θ) longer than the non-twisted case, and therefore the larger twisting angle caused a greater tortuosity and resulted in lower permeability (Equation 4).
4.3.3
Comparison with other studies The permeability of jute and coir fibres without twisting was normalised to the average diameter of the fibres and then compared with those reported by previous studies (Figure 10) . To obtain this figure, a number of studies about the permeability of fibrous media are adopted, including analytical solutions such as solving the Navier-Stokes equations (Happel, 1959) , modifying the KC method (Gebart, 1992) , incorporating the parabolic distribution of fluid velocity into the Stokes equations (Tamayol and Bahrami, 2009) , and the numerical method by coupling the finite-volume method and the discrete-element method (Nguyen and Indraratna, 2016b) , as well as experimental work (Rahli et al., 1997) . It is clear that the differences between the results shown in Figure 10 for n > 0·75 are insignificant, but they quickly begin to deviate when n < 0·7, especially for the normalised permeability of jute and coir fibres, which become much lower than those reported from previous studies when n < 0·5. The experimental work carried out by Rahli et al. (1997) using uniform cylindrical fibres with a diameter of 150 μm is the closest to the permeability curve of the coir obtained in this study. 
There were several differences in the micro-characteristics of fibrous media in those studies that could clarify such a deviation in hydraulic behaviour. First, previous studies used an idealised parallel arrangement of fibres where the fluid only flowed in parallel channels, whereas the fibres in this study were not completely parallel (Figure 1) . Second, the analytical and numerical models adopted in this comparison considered flow in a particular unit template of fibres, such as quadratic and hexagonal forms, whereas in this study the jute and coir fibres were packed randomly. Moreover, cylindrical fibres with circular cross-sections were used in previous works, but the fibres used in the current study, especially jute, did not have a circular crosssection. Also, the perfectly uniform fibres with only a single size (σ v = 0) used in previous studies differed from those in the jute and coir in the current work represented above, leading to a considerable difference in their fluid-fibre contact area. The denser fibres made this deviation more apparent.
It was also noted that, although diameter-normalised permeability was used to remove any influence that the difference in the sizes of the fibre between the jute and the coir would make on the results, there was still a deviation between the permeability curves of the jute and coir, particularly as the fibres became denser (n < 0·65); this occurred because the differences in the shape and dispersion in size between the jute and coir fibres were still valid in this approach. Note that when natural fibres are used in practice, their shape and size vary, so that using idealised conditions with cylindrical and parallel fibres is not realistic from a geoengineering perspective.
4.4
Prediction of hydraulic conductivity by the KC approach By applying the KC method described in Equation 3, the hydraulic conductivity of coir and jute drains was estimated and compared with those measured in the experimental part of this study (Figure 11 ). In this application, the average diameter D f,a varied slightly from 39·7 to 45·7 μm and 224 to 243 μm for jute and coir drains, respectively, over different levels of porosity, and the Kozeny constant k k was used independently of the porosity of the drain. The prediction by the KC approach using k k = 10 matches the experimental result for a coir drain having σ v = 20% in the porosity range from 0·45 to 0·9 quite well; the deviation between the two approaches can be ignored in this range, but it increases when the porosity of the drain is beyond the values where the predicted k becomes much higher (n > 0·9) or lower (n < 0·45) than the experimental one. The analytical prediction is less accurate when the uniformity in the size of the fibres decreases. For σ v = 30%, the prediction by the KC method with k k = 12 is very accurate but only for 0·55 < n < 0·90. When the fibre drain is denser or looser, the predicted curve deviates significantly from the experimental one; in fact when n = 0·4, the k measured in the experiment is 1·9 Â 10 −4 m/s but the predicted value is much higher (i.e. 6·1 Â 10 −4 m/s).
Where jute drains had a wider dispersion (σ v = 40%) in fibre size and smaller permeability, this meant that the prediction by the KC method using a porosity-independent k k was less accurate than for coir drains. When k k = 9, the predicted curve for jute matches the experimental result for 0·63 < n < 0·95 quite well, and then begins to deviate significantly when n < 0·6. The greater input of k k enables the analytical curve to be closer to those measured by the experimental approach in the denser fibres, but is not as accurate in loose media. This limitation of the KC approach using a constant k k over the variation of porosity meant that it was only acceptable in a certain range of porosity.
4.5
Kozeny constant k k To improve the accuracy of the KC method at predicting the permeability of fibrous media, a flexible Kozeny constant that The permeability of natural fibre drains, capturing their micro-features Nguyen and Indraratna is functional for the micro-characteristics of the fibre drain must be used. The dependence of k k on particular microparameters such as porosity, the structure of drains (nontwisted and twisted fibres) and the size and uniformity in the size of fibres was back-analysed on the basis of the experimental results represented in previous sections and is shown in Figure 12 . Figure 12 (a) shows how k k varies over the different porosities of drains for non-twisted and twisted fibres, including jute and coir. The variation of k k for non-twisted fibres is insignificant, particularly from 6 to 10 with a range of porosity of 0·65 < n < 0·9. The difference between the k k of jute and coir is not evident in this range, but k k increases rapidly and the deviation between jute and coir becomes more apparent when the medium is denser or looser. At n = 0·45, k k reaches almost 30 for coir and 80 for jute. Moreover, the influence of the drain structure (twisted and non-twisted fibres) on k k can be ignored for loose fibres but increases considerably as the porosity decreases; in fact the gaps between the k k of non-twisted and twisted fibres are completely different when n is <0·6 for coir and 0·75 for jute.
The influence of fibre size on k k is shown in Figure 12 (b). Note that in this investigation, the uniformity of fibres was almost the same and had an insignificant influence on the results. It is interesting that the effect of fibre size on k k is not consistent over the variation of porosity, for example, when n > 0·64, the biggest diameter fibres have the highest values of k k , but this trend becomes opposite when n < 0·64. The figure also indicates that the three curves of k k all show their bottom at different degrees of porosity, depending on the size of fibres. The k k of the smaller fibres reaches the bottom at a larger porosity (e.g. 0·77 for D f,a = 376 μm and 0·43 for D f,a = 155 μm), and with a sharper drop, but the influence of fibre size on k k only becomes critical when the fibre fraction enters the dense zone (i.e. n < 0·5).
There is an apparent contribution by the dispersion in the size of fibre to the value of k k as shown in Figure 12 (c). As more uniform fibres are created in the drain, a more stable and lower value of k k is obtained, in fact the fibre drain with σ v = 10% shows its k k decreasing quickly from almost 17 to The permeability of natural fibre drains, capturing their micro-features Nguyen and Indraratna around 3 as porosity decreases from 0·93 to 0·72, but it does not change much in the denser fibres. However, a wider range of fibre sizes makes the k k vary more, for example, with the least uniform fibres (σ v = 30%), k k increases continuously from 7 at n = 0·85 to 60 at n = 0·35, and the k k curve also reaches a lower bottom as fibres are more uniform. The minimum value of k k increases from 2·8 to 5·1 and 7 when the uniformity declines from σ v = 10% to 20 and 30%, respectively.
A number of studies (Choi et al., 1998; Kyan et al., 1970; Rahli et al., 1997; Sullivan, 1942) have investigated the relationship between k k and porosity for longitudinal flow through a fibrous media. Kyan et al. (1970) and Sullivan (1942) have shown that k k decreases sharply as the porosity decreases from a very loose to a medium state (n > 0·85), and then stabilises in the medium to dense range (0·45 < n < 0·8). Choi et al. (1998) and Rahli et al. (1997) also found that k k increases rapidly when the porosity turns into the very dense fibre zone (n < 0·35). Other studies (Gebart, 1992; Gutowski et al., 1987) have adopted smaller constant values of k k (i.e. from 1 to 2·5) for flow along parallel homogeneous fibres. Those findings were made under the same condition of fibres being highly to totally uniform (σ v = 0) and ideally arranged in parallel. As Figures 12(c) and 12(d) show, the current k k for fibres with a high uniformity (σ v = 10%) agrees with those reported in previous works. This comparison reinforces the finding in this study that more uniform fibres result in smaller values of k k that are stable in the range from medium to dense fibres (0·4 < n < 0·8).
Conclusions
An intensive laboratory investigation into the influence of the micro-features of natural fibre drains on hydraulic conductivity was carried out in this study. Jute and coir were used to create fibre drains that were then subjected to hydraulic conductivity testing. A number of governing micro-parameters such as the shape, size and the twisting feature of fibres were investigated, and the following conclusions can be drawn.
& The drain made from larger fibres that generated a smaller fluid-fibre contact area had a higher hydraulic conductivity. Coir having a larger average diameter (D f,a = 235 μm) compared with jute (D f,a = 41·8 μm) resulted in a significantly greater hydraulic conductivity for the same porosity. & The more uniform the fibre was in size, the greater was the hydraulic conductivity. For the same porosity (n = 0·45) and average diameter (D f,a = 235 μm), the hydraulic conductivity of the coir drain decreased from 2·1 Â 10 −3
to 0·39 Â 10 −3 m/s as the uniformity of fibre decreased from σ v = 10 to 30%, respectively. Generally jute had a larger size dispersion (σ v = 40·3%) than coir (σ v = 27·1%), leading to its lower hydraulic conductivity. & The cross-sectional shape of jute was almost polygonal, whereas that of coir was nearly round, which meant that jute had a larger shape factor that created a larger fluid-fibre contact area, and as a consequence, jute drains were less permeable than coir drains. & Twisting fibres made fluid flow in the drain more complex and increased its tortuosity; for example, the hydraulic conductivity of the drain with a 25°twisting angle was more than 30% lower than the drain without twisting in a certain range of porosity (i.e. n < 0·7 for coir and n < 0·8 for jute). & The analytical KC approach using a porosity-independent constant k k showed an acceptable degree of accuracy at predicting the hydraulic conductivity of natural fibres ( jute and coir) in a certain range of porosity, but this acceptable range of porosity decreased with a larger k k when fibres were less uniform. The KC method, in particular, was valid for a coir drain in the porosity range: 0·45-0·9 with k k = 10 and σ v = 20%; 0·55-0·9 with k k = 12 and σ v = 30%, and for a jute drain in a porosity range from 0·63 to 0·95 with k k = 9 and σ v = 40%. & The micro-features of fibrous media such as porosity, size, the uniformity of fibres and the arrangement of fibres in a drain (non-twisted and twisted fibres) had a significant influence on the Kozeny constant k k . Generally, k k decreased to a minimum level before increasing continuously while the porosity of the drain decreased from 0·95 to 0·3. Fibres that were twisted more resulted in a larger magnitude of k k , while fibres with a higher uniformity led to a much lower and more stable value of k k (e.g. 3-4 with σ v = 10% for coir drain).
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